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An electroweak model is formulated in a finite, four-dimensional quantum field theory without
a Higgs particle. The W and Z masses are induced from the electroweak symmetry breaking of
one-loop vacuum polarization graphs. The theory contains only the observed particle spectrum of
the standard model. In terms of the observed twelve lepton and quark masses, a loop calculation
of the non-local electroweak energy scale ΛW and ρ predicts the values ΛW (MZ) = 541 GeV and
ρ(MZ) = 0.993, yielding s
2
Z ≡ sin2 θW (MZ) = 0.21686±0.00097. Possible ways to detect a non-local
signal in scattering amplitudes involving loop graphs at the LHC are discussed. Fermion masses are
generated from a “mass gap” equation obtained from the lowest order, finite fermion self-energy with
a broken symmetry vacuum state. The cross section for W+
L
W−
L
→ W+
L
W−
L
is predicted to vanish
for
√
s > 1TeV, avoiding a violation of the unitarity bound. The Brookhaven National Laboratory
measurement of the anomalous magnetic moment of the muon and the residual difference between
the measured value and the standard model can provide a test of a non-local deviation from the
standard model.
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I. INTRODUCTION
Although the standard model has been remarkably
successful, as of 2007 no experiment has directly detected
the existence of the Higgs boson. After more than forty
years of particle physics, we are faced with the fundamen-
tal question: What breaks electroweak symmetry? The
answer is expected to be provided by the Large Hadron
Collider (LHC) at CERN, which will begin operations in
2008.
The Higgs field in vacuum acquires a non-zero value
with a constant vacuum expectation value equal to 246
GeV, which spontaneously breaks the electroweak gauge
symmetry SU(2)×U(1) [1]. The Higgs mechanism gives
mass to the gauge bosons and to the observed leptons and
quarks in the standard model [2, 3]. The non-observation
of clear signals leads to an experimental lower bound for
the Higgs mass of 114.4 GeV at 95% confidence level.
The standard model does not predict the Higgs mass
but if the mass is between 115 and 180 GeV, then the
standard model can remain valid up to the Planck en-
ergy scale ∼ 1016 TeV. It is expected from theoretical
arguments that the highest possible mass allowed for
the Higgs boson is around ∼ 0.8 − 1 TeV. Supersym-
metry models predict that the lightest Higgs boson of
several such bosons should have a mass around 120 GeV.
The LEP Working Group predicts the Higgs mass to be
around mH ∼ 144 GeV based on precision electroweak
data, non-observation of the Higgs today and the hypoth-
esis that the minimal standard model is correct [4]. It is
expected that the LHC will be able to confirm or deny
the existence of the Higgs particle.
In the following, an electroweak model based on a fi-
nite gauge field theory [5, 6, 7, 8, 9] begins with an ini-
tially SU(2)L×U(1)Y gauge invariant and massless the-
ory for free non-interacting particles. Then a finite, non-
local interaction possessing an extended gauge symme-
try with the infinite-dimensional gauge group G(NL, 4)
makes the theory finite to all orders of perturbation the-
ory [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23].
A dynamical electroweak symmetry breaking measure in
the path integral breaks the G(NL, 4) gauge symmetry.
The symmetry breaking mechanism allows the W and
Z gauge bosons to acquire masses through the lowest or-
der vacuum polarization graphs containing fermion loops,
while the photon remains massless. The tree graphs are
identical to the standard model, excluding the Higgs par-
ticle and they are strictly local, maintaining classical lo-
cality and macroscopic causality. The non-local effects
in the theory occur only in quantum loops and vanish as
h¯ → 0. An experimental signature for the model is that
the cross section for W+LW
−
L → W+LW−L (WL denotes
the longitudinal part of the massive intermediate vector
bosonW ) vanishes above∼ 1 TeV avoiding a violation of
the unitarity bound. Thus, the W and Z bosons become
massless as the measure becomes the G(NL, 4) gauge in-
variant measure above ∼ 1 TeV, and only the transverse
components of the W and Z bosons survive.
An important signature for discovering the origin of
electroweak symmetry breaking is the observation at the
LHC of WW scattering. The vanishing of the WLWL →
WLWL scattering cross section above ∼ 1 TeV would
be a signature for a no-Higgs particle, ultra-violet finite
quantum field theory. On the other hand, if the cross sec-
2tion is observed to be strong above ∼ 1 TeV, then it is
saying that possible new strong interactions and the ex-
change of new intermediary particles are responsible for
the electroweak symmetry breaking. If the Higgs parti-
cle is observed at the LHC, then the WLWL scattering
will not be strong, but at the same time it will not be
expected to vanish above ∼ 1 TeV.
The masses of fermions are generated through the
mass-gap equation obtained from the lowest order finite,
fermion-boson self-energy graph with a broken symmetry
vacuum state. The spectrum of particles only contains
the observedW , Z and photon particles and the standard
quarks and leptons.
The electroweak model based on a finite quantum field
theory (FQFT) without a Higgs particle avoids the fine-
tuning (hierarchy) problem associated with the Higgs
scalar field radiative corrections. A calculation of the ρ
parameter from the finite boson-fermion self-energy loop
graphs yields the predictions for the weak mixing angle,
sin2 θW (MZ) = 0.21686 ± 0.00097 and the electroweak
non-local energy scale ΛW (MZ) = 541 GeV. A calcula-
tion of the muon g − 2 anomalous magnetic moment in
the FQFT can provide a means for detecting a non-local
deviation from the standard model in perturbative loop
diagrams.
II. FINITE NON-LOCAL ELECTROWEAK
THEORY
We shall choose units c = h¯ = 1 and the metric
diag(ηµν ) = (−1,+1,+1,+1). The Lagrangian takes the
form:
L = L0 + LB + LI + L˜I , (1)
where L0 is the local, free kinetic Lagrangian for massless
leptons and quarks given by
L0 = [ψ¯
L(x)iγ · ∂ψL(x) + ψ¯R(x)iγ · ∂ψR(x)], (2)
where γ · ∂ = γµ∂µ. The fields ψL(x) and ψR(x) de-
note local two-component left-handed lepton and quark
doublet fields and right-handed lepton and quark sin-
glet fields, respectively, with ψL = (1/2)(1 − γ5)ψ and
ψR = (1/2)(1 + γ5)ψ. The local boson Lagrangian den-
sity LB is given by
LB = −1
4
GaµνGaµν − 1
4
BµνBµν , (3)
where
Gµνa = ∂
µW νa − ∂νWµa + gǫabcWµb W νc , (4)
and
Bµν = ∂µBν − ∂νBµ. (5)
The L˜I is an iteratively defined series of higher inter-
actions which strip the non-locality from the tree graphs.
The non-local interaction Lagrangian density is described
by
LI = −gJ µa (x)Waµ(x) − g′J µY (x)Bµ(x), (6)
where g and g′ are electroweak coupling constants. The
Waµ and Bµ are the non-local gauge boson fields, while
the J µa and JY are the non-local weak isospin and hy-
percharge currents:
J µa (x) =
1
2
Ψ¯L(x)γµτaΨ
L(x) (a = 1, 2, 3), (7)
and
J µY (x) = −
Y
2
Ψ¯L(x)γµΨL(x)− Y
2
Ψ¯R(x)γµΨR(x), (8)
where τa denote the Hermitian Pauli matrices and Y de-
notes the hypercharge. The Ψ denote the non-local lep-
ton and quark fields in the J µa and J µY currents. In the
absence of interactions, LI = 0, the massless Lagrangian
is invariant under SU(2)× U(1) gauge transformations.
TheAµ and Zµ are linear combinations of the two fields
W3µ and Bµ:
Aµ = cos θWBµ + sin θWW3µ, (9)
Zµ = − sin θWBµ + cos θWW3µ, (10)
where the angle θW denotes the weak mixing angle. The
electroweak coupling constants g and g′ are related to the
electric charge e by the standard equation
g sin θW = g
′ cos θW = e (11)
and we use the standard normalization cos θW = g/(g
2+
g
′2)1/2 and g′/g = tan θW .
The non-local field operators Waµ,Bµ and Ψ are de-
fined in terms of the local operators Waµ, Bµ and ψ by
Waµ =
∫
d4yG(x− y)Waµ(y) = G
(
∂2
Λ2
)
Waµ(x), (12)
Bµ(x) =
∫
d4yG(x− y)Bµ(y) = G
(
∂2
Λ2
)
Bµ(x), (13)
and
Ψ(x) =
∫
d4yG(x− y)ψ(y) = G
(
∂2
Λ2
)
ψ(x). (14)
Here, ∂2 = ∂µ∂µ and G(∂
2/Λ2) is a Lorentz-invariant
operator distribution whose momentum space Fourier
transform is an entire function. We can write
G(x − y) = G
(
∂2
Λ2
)
δ4(x− y), (15)
3where ℓ ∼ 1/Λ is a small invariant interval and the
high Euclidean momentum damping means that the non-
locality has compact support. The Fourier transform of
the damping function is defined by
∫
d4x exp(ipx)G
(
∂2
Λ2
)
= K
(
− p
2
Λ2
)
. (16)
Unitarity conditions require that K(−p2/Λ2) is an entire
function that does not generate new poles on the physical
sheet and that the residue of the physical pole remains
unity [9].
The non-local distribution operator is defined by
G
(
∂2
Λ2W
)
≡ Em = exp
(
∂2 −m2
2Λ2W
)
, (17)
where ΛW denotes the electroweak non-local energy scale.
We have
Ψ = E0ψ, Ψ¯ = E0ψ¯, (18)
Waµ = E0Waµ, Bµ = E0Bµ. (19)
Consider, as an example, the stripping of the non-
locality of the tree graphs and the restoration of gauge
invariance for the Bµ coupling. We have [9]:
L0+1 = −1
4
BµνBµν − ψ¯iγ · ∂ψ + g′Ψ¯γ · BΨ, (20)
where we have for simplicity ignored the left and right-
handed structure of the non-local hypercharge current
J µY . Eq.(20) is invariant up to order g
′2 under the trans-
formation:
δBµ ≡ δ0Bµ = −∂µθ, (21)
δ1ψ = ig
′E0θˆΨ, (22)
where θˆ = E0θ. Here, the operator E0 acts on the product
θˆΨ, while the E0 in θˆ acts only upon θ and the E0 in Ψ
acts only upon ψ.
We now form the operator O:
O ≡ (E0)
2 − 1
∂2
=
∫ 1
0
dτ
Λ2W
exp
[
τ
∂2
Λ2W
]
. (23)
The operator O is an entire function of ∂2, so it does not
produce any poles in the momentum representation that
will violate unitarity.
By using the operator O, we can express the simplest
non-local four-point interaction as
L2 = −g
′2Ψ¯γ · Biγ · ∂Oγ · BΨ. (24)
The scattering amplitude computed from L0+1+2 is un-
changed from its local point particle antecedent. This
comes about because each V2 vertex contribution to the
amplitude can be split into two terms through decom-
posing the operator O into E20/∂2 and −1/∂2. The first
such term cancels the contribution from the correspond-
ing V1 · V1 channel, while the second term is the local,
point particle contribution for that channel. This process
can be extended to higher Bµ amplitudes with interac-
tions of the form:
Ln = −(−g′)nΨ¯γ · B[iγ · ∂Oγ · B](n−1)Ψ. (25)
This sums to give the total Bµ coupling Lagrangian:
L = −1
4
BµνBµν − ψ¯iγ · ∂ψ
+g′Ψ¯γ · B[1 + g′iγ · ∂Oγ · B]−1Ψ. (26)
The extended tree graph scattering amplitude is the same
as the local, point particle amplitude and the decoupling
of unphysical modes is accomplished. The true ampli-
tudes that differ from the point particle ones contain an
internal Bµ line, which are enhanced by an exponential
damping factor for each internal momentum.
A modification of the fermionic transformation at each
order is
δnψ = −i(−g′)nE0θˆ[iγ · ∂Oγ · B]n−1Ψ. (27)
Moreover, the sum of all variations gives
δBµ = −∂µθ, (28)
δψ = ig′E0θˆ[1 + g′iγ · ∂Oγ · B]−1Ψ. (29)
It can be proved that δL = 0 at order g
′n establishing
the gauge invariance under the non-local gauge transfor-
mations [9].
The non-localization of the interaction Lagrangian has
resulted in gauge transformations that mix gauge in-
dices and spinor indices at different spacetime coordi-
nates. The action for the Bµ coupling is invariant under
a transformation of the form
δBµ(x) = −∂µθ(x), (30)
δψ(x) = ig′
∫
d4yd4zT [g′B](x, y, z)θ(y)ψ(z). (31)
Here, T ∼ 1 + g′B + ... is a representation operator that
is a spinorial matrix as well as a functional of the vector
field Bµ:
T [g′B](x, y, z) = E0[δ4(x−y)][1+g′iγ·∂Oγ·B]−1E0δ4(x−z).
(32)
The transformations do not form a group, because al-
though the gauge group for the Bµ field is Abelian on
shell, it does not close on commutation unless the fermion
fields obey their equations of motion:
[δθ1 , δθ2 ]ψ = −g
′2E0{θˆ1[1 + g′BOiγ · ∂]−1
×iγ · ∂Oθˆ2 − (1←→ 2)}E0(iγ · ∂ + g′E0γ · B
×[1 + g′γ · BOiγ · ∂]−1E0)ψ. (33)
4However, the transformations are part of an infinite-
dimensional group G(NL, 4) which includes transforma-
tions that vanish in the local limit and only influence the
fermi fields.
The non-localization process guarantees gauge invari-
ance to all orders and removes all unphysical couplings
to longitudinal vector bosons. It can be extended to the
totalW , B and ψ electroweak Lagrangian. The fact that
the tree graphs of the theory are the purely local point-like
graphs protects the classical theory from any violation of
macroscopic causality. The non-locality resides only in
the loop sectors where a violation of micro-causality is
potentially hidden by the uncertainty principle. The loop
graphs in FQFT are finite to all orders in perturbation
theory.
We could equally well have formulated our non-local
Lagrangian as
L = L0 + LB + LI + L˜I , (34)
where now the non-locality is in the free and kinetic
energy parts of the Lagrangian and not in the interac-
tion part LI . This will place the non-local form fac-
tor on the propagators, whereas in the previous process
the non-local form factors were imposed on the vertices.
Both processes produce a finite, gauge invariant and uni-
tary QFT to all orders in perturbation theory. Another
method is to introduce shadow fields and shadow prop-
agators [12, 13, 18]. This method has been successfully
applied to Yang-Mills Lagrangians and to quantum grav-
ity [10, 15, 16, 17, 18].
We have demonstrated a systematic way of maintain-
ing the gauge invariance of the classically, initially non-
local massless Lagrangian which consists of two stages.
In the first stage, an SU(2) × U(1) gauge invariant
interaction-free action is made non-local and then an in-
finite series of chosen higher interactions L˜I is added to
the Lagrangian. These added interactions provide the
theory with a new nonlinear and non-local gauge invari-
ance which makes Lorentz invariance compatible with
perturbative unitarity at tree order. The second stage
consists of finding a measure which makes the functional
path integral formalism invariant under the non-local
gauge symmetry without destroying perturbative unitar-
ity, namely, by finding a measure whose interactions are
entire functions of the derivative operator. This measure
then yields a functional formalism which defines a set of
Green functions which are ultraviolet finite and Poincare´
invariant to all orders, and gives scattering amplitudes
which are perturbatively finite. The scattering ampli-
tudes are then analytically continued into the Euclidean
momentum space.
III. PATH INTEGRAL FORMALISM AND
MEASURE FACTORS
The path integral formalism is completed with the ex-
pression:
〈T ∗(O)〉 =
∫
[Dψ¯][Dψ][DW ][DB]µinvO exp(iS), (35)
where O is a given operator. All the loop graphs are ul-
traviolet finite and unitary to all orders of perturbation
theory for the non-local gauge invariant Lagrangian. In
the limit that the non-local weak scale ΛW → ∞, the
path integral formalism becomes that of the renormaliz-
able, local point field theory of massless gauge bosonsW
and B.
A determination of measures for fermion loops includ-
ing all lepton, quark, parity and isospin contributions to
vacuum polarization loops has been obtained [7]. For the
W± sector, the invariant measure for the fermion loops
is given by
ln
(
µinv[W
±]
)
= ig2
∫
d4xW+µMµν [W±]W−µ, (36)
where
Mµν [W±] = ηµν
(4π)2
∑
d
Cd(L1+(m1,m2)
+L2+(m1,m2) + L2+(m2,m1)). (37)
Here the sum is over all fermion doublets d, and Cd de-
notes the color factors.
The W 3µ and Bµ gauge boson invariant measures for
the fermion loop sector are given by
ln
(
µinv[W
3]
)
=
ig2
2
∫
d4xW3µMµν [W 3]W3ν , (38)
Mµν [W 3] = ηµν
2(4π)2
∑
lhf
Cf (L1+(m,m) + 2L2+(m,m)),
(39)
and
ln
(
µinv[B]
)
=
ig
′2
2
∫
d4xBµMµν [B]Bν , (40)
Mµν [B] = 2 ηµν
(4π)2
(∑
f
Cf
Y 2f
4
(L1+(m,m)
+2L2+(m,m)) +
∑
rhf
Cf
YLYR
4
(2M1(m) +M2(m))
)
,
(41)
where
∑
lhf and
∑
rhf denote sums over left-handed
and right-handed fermions only, respectively. Moreover,∑
f =
∑
rhf +
∑
lhf , Yf denotes the fermion hypercharge
5factor and YL and YR denote the left-handed and right-
handed hypercharge factors, respectively. The invariant
measure for the off-diagonalW 3−B for the fermion loops
is
ln
(
µinv[W
3 −B]
)
= igg′
∫
d4xW3µMµν [W 3 −B]Bν,
(42)
Mµν [W 3 −B] = − ηµν
(4π)2
(
1
2
∑
lhf
Cf (L1+(m,m)
+2L2+(m,m)) +
∑
rhf
Cf
Yf
2
(M1(m) +M2(m))
)
.
(43)
The Ls are given by
L1±(m1,m2) =
∫ ∞
1
dτ1
∫ ∞
1
dτ2 exp
[
−τ1 m
2
1
Λ2W
− τ2 m
2
2
Λ2W
− τ1τ2
(τ1 + τ2)
p2
Λ2W
](
Λ2W
(τ1 + τ2)3
± p
2τ1τ2
(τ1 + τ2)4
)
, (44)
L2±(m1,m2) =
∫ 1
0
dτ1
∫ ∞
1
dτ2 exp
[
−τ1 m
2
1
Λ2W
− τ2 m
2
2
Λ2W
− τ1τ2
(τ1 + τ2)
p2
Λ2W
](
Λ2W
(τ1 + τ2)3
± p
2τ1τ2
(τ1 + τ2)4
)
. (45)
We also have
M1 =
∫ ∞
1
dτ1
∫ ∞
1
dτ2
m2
(τ1 + τ2)2
× exp
[
−(τ1 + τ2)m
2
Λ2W
− τ1τ2
(τ1 + τ2)
p2
Λ2W
]
, (46)
M2 =
∫ 1
0
dτ1
∫ ∞
1
dτ2
m2
(τ1 + τ2)2
× exp
[
−(τ1 + τ2)m
2
Λ2W
− τ1τ2
(τ1 + τ2)
p2
Λ2W
]
. (47)
The transverse, gauge invariant vacuum polarization
tensor for the W boson has been determined [6, 7]. For
the fermion loop sector, we have
ΠµνW (p
2) = ΠTW (p
2)
(
ηµν − p
µpν
p2
)
+ΠLW (p
2)
pµpν
p2
, (48)
where ΠTW and Π
L
W denote the transverse and longitudi-
nal parts, respectively. We obtain ΠW by adding together
the three contributions ΠW1, ΠW2 and ΠW3, where the
first term is produced by the standard boson-fermion loop
graph, the second by the gauge boson-fermion tadpole
graph and the third by the graph associated with the
fermion measure factor. The three one-loop vacuum po-
larization graphs are shown in Figure 1 and Figure 2, and
the measure factor graphs are shown in Figure 3.
FIG. 1: (a) vacuum polarization fermion one-loop graph for
the B boson; (b) vacuum polarization fermion one-loop graph
for the W boson; (c) the off-diagonal B-W boson fermion one-
loop vacuum polarization graph.
FIG. 2: (a) the tadpole fermion one-loop vacuum polarization
graph for the B boson; (b) the tadpole fermion one-loop vac-
uum polarization graph for the W boson; (c) the off-diagonal
tadpole fermion W-B boson vacuum polarization graph.
It can be shown that for the W± sector, ΠLW = Π
L
W1+
ΠLW2 +Π
L
W3 = 0 and the transverse part is given by
ΠTW (p
2) = − g
2
(4π)2
exp
(
− p
2
Λ2W
)∑
d
Cd
×
(
P1(m1,m2) + P2(m1,m2) + P2(m2,m1)
)
.(49)
6FIG. 3: (a) the B boson fermion measure factor contribution;
(b) the W boson fermion measure factor contribution; (c) the
off-diagonal B-W fermion measure factor contribution.
The Ps are given by
P1 = L1+ − L1− = 2p2
∫ ∞
1
dτ1
∫ ∞
1
dτ2
× exp
[
−τ1 m
2
1
Λ2W
− τ2 m2
Λ2W
− τ1τ2
τ1 + τ2
p2
Λ2W
]
τ1τ2
(τ1 + τ2)4
,
(50)
and
P2 = L2+ − L2− = 2p2
∫ 1
0
dτ1
∫ ∞
1
dτ2
× exp
[
−τ1 m
2
1
Λ2W
− τ2 m2
Λ2W
− τ1τ2
τ1 + τ2
p2
Λ2W
]
τ1τ2
(τ1 + τ2)4
.
(51)
We observe that P1 and P2 are proportional to p
2, so
they vanish as p2 → 0 guaranteeing that ΠT (0) = 0 and
keeping the gauge bosons W and Z massless.
The measures for the invariant pure Yang-Mills boson
loops can be determined. For example, the Bµ measure
is given by
ln
(
µinv[B]
)
= −ig′2
∫
d4xBµM[B]Bµ, (52)
where
M[B] = Λ
2
W
24π2
∫ 1
0
dτ
(τ + 1)2
exp
(
− τ
(τ + 1)
p2
Λ2W
)
×
(
2
τ + 1
− 3 + 6 τ
τ + 1
)
. (53)
IV. DYNAMICAL SYMMETRY BREAKING
We must now introduce a method to generate the phys-
ical W and Z gauge boson masses. This will be achieved
by dynamically breaking the electroweak non-local gauge
symmetry by an appropriate choice of the fermion sector
measure, so that Π(m2phys) 6= 0 and a mass is induced
at p2 = −m2phys, making the W and B particles massive
vector bosons.
To lowest order, we find that the W boson propagator
is modified according to
DWαβ(p)→ DWαβ(p) +DWαµ(p)g2ΠµνW (p2)DWνβ(p).
(54)
We now have that
−ηαβ
p2 − iǫ →
−ηαβ
p2 − iǫ +
ηαµ
p2 − iǫg
2ΠµνW (p
2)
ηνβ
p2 − iǫ . (55)
It follows that
1
p2 − iǫ →
1
p2 − iǫ −
1
p2 − iǫg
2ΠW (p
2)
1
p2 − iǫ , (56)
where
v ≡ ΠW (p2) = 1
4
ΠµWµ(p
2). (57)
To lowest order we get
1
p2 − iǫ →
1
p2 + g2ΠW (p2)− iǫ +O(g
4), (58)
where in our regularized theory ΠW (p
2) is finite. The
mass is defined on the mass shell to be
m2phys = g
2Π(m2phys). (59)
The symmetry breaking measure is defined by
ln
(
µSB
)
= −igg′
∫
d4xW3µ
(
Mµν [W 3 −B]
)
SB
Bν
+
ig
′2
2
∫
d4xBµ
(
Mµν [B]
)
SB
Bν, (60)
where (
Mµν [W 3 −B]
)
SB
=
− ηµν
(4π)2
∑
rhf
Cf
Yf
2
(M1(m) +M2(m)), (61)
and
(
Mµν [B]
)
SB
=
2ηµν
(4π)2
{∑
rhf
Cf
[
Y 2f
4
(L1+(m,m)
+2L2+(m,m)) +
YLYR
4
(2M1(m) +M2(m))
]
+
∑
lhf
Cf
(
Y 2f − 1
4
)
(L1+(m,m) + 2L2+(m,m))
}
.
(62)
7The vacuum polarization tensor Πµν(W 3) for the W 3
sector is given by
Πµν(W 3) =
g2
2(4π)2
exp
(
− p
2
Λ2W
)∑
lhf
Cf
[
(L1+(m,m)
+2L2+(m,m))
(
ηµν − p
µpν
p2
)
+(L1−(m,m) + 2L2−(m,m))
pµpν
p2
]
. (63)
For the W± sector we have
Πµν(W±) =
g2
2(4π)2
exp
(
− p
2
Λ2W
)∑
d
Cd
[
(L1+(m1,m2)
+L2+(m1,m2) + L2+(m2,m1))
(
ηµν − p
µpν
p2
)
+(L1−(m1,m2) + L2−(m1,m2) + L2−(m2,m1))
pµpν
p2
]
.
(64)
We get for the B and W 3 −B sectors
Πµν(B) =
g
′2
2(4π)2
exp
(
− p
2
Λ2W
)∑
lhf
Cf
×
[
(L1+(m,m) + 2L2+(m,m))
(
ηµν − p
µpν
p2
)
+(L1−(m,m) + 2L2−(m,m))
pµpν
p2
]
, (65)
and
Πµν(W 3 −B) = − gg
′
2(4π)2
exp
(
− p
2
Λ2W
)∑
lhf
Cf
×
[
(L1+(m,m) + 2L2+(m,m))
(
ηµν − p
µpν
p2
)
+(L1−(m,m) + 2L2−(m,m))
pµpν
p2
]
. (66)
The measure µSB dynamically breaks the non-local
gauge invariance and the W and B gauge bosons ac-
quire a finite mass. The relative strength of the neutral
and charged current interactions is fixed by means of the
standard relation:
ρ
GF√
2
=
g2
8M2Z cos
2 θW
, (67)
where GF is the Fermi constant and GF /
√
2 = g2/8M2W .
We obtain from (67) the standard result:
ρ =
M2W
M2Z cos
2 θW
. (68)
The Lagrangian picks up a finite mass contribution for
ρ = 1 from the total sum of polarization graphs:
LM =
1
8
v2g2[(W 1µ)
2 + (W 2µ )
2]
+
1
8
v2[g2(W 3µ )
2 − 2gg′W 3µBµ + g
′2B2µ]
=
1
4
g2v2W+µ W
−µ
+
1
8
v2(W3µ, Bµ)
(
g2 −gg′
−gg′ g′2
)(
W 3µ
Bµ
)
, (69)
where W±µ = (W
1 ∓ iW 2)/√2 and we can fix the value
of v from GF /
√
2 = g2/8M2W to be v = 246 GeV. We
see that we have the usual dynamical symmetry breaking
mass matrix in which one of the eigenvalues of the 2× 2
matrix in (69) is zero. From (9) and (10), we get for
ρ = 1:
MW =
1
2
vg, MZ =
1
2
v(g2 + g
′2)1/2, MA = 0. (70)
V. EVALUATION OF ρ AND ΛW
We shall now calculate ρ and ΛW from the loop dia-
grams for non-zero lepton and quark masses, mf 6= 0.
We obtain for ρ the result:
ρ = 2
∑
i
Cidi[L1(p
2,mdbi1,mdbi2)
+L2(p
2,mdbi1,mdbi2) + L2(p
2,mdbi2,mdbi1)]
×{
∑
i
Cifi[L1(p
2,mfi) + 2L2(p
2,mfi)]}−1. (71)
Using MW = (1/2)vg, we can obtain an equation that
can be solved for the electroweak energy scale ΛW :
v =
1
4π
{exp(−p2/Λ2W )4
∑
i
Cidi[L1(p
2,mdbi1,mdbi2)
+L2(p
2,mdbi1,mdbi2) + L2(p
2,mdbi2,mdbi1)]}1/2.
(72)
The mdbi denote the fermion doublets:
[e, νe], [µ, νµ], [τ, ντ ], [d, u], [s, c], [b, t], and the color
factors are Cℓ = 1 for leptons and Cq = 3 for quarks.
The quantities that enter the calculations of ρ and ΛW
are obtained from the traces of (63) and (64). We have
L1 =
1
4
(3L1+ + L1−), L2 =
1
4
(3L2+ + L2−). (73)
The Ls are given by
L1±(p
2,m1,m2)
=
∫ ∞
1
dτ1
∫ ∞
1
dτ2 exp
[
−τ1m
2
1 + τ2m
2
2
Λ2W
− τ1τ2p
2
(τ1 + τ2)Λ2W
]
×
(
Λ2W
(τ1 + τ2)3
± p
2τ1τ2
(τ1 + τ2)4
)
, (74)
8L2±(p
2,m1,m2)
=
∫ 1
0
dτ1
∫ ∞
1
dτ2 exp
[
−τ1m
2
1 + τ2m
2
2
Λ2W
− τ1τ2p
2
(τ1 + τ2)Λ2W
]
×
(
Λ2W
(τ1 + τ2)3
± p
2τ1τ2
(τ1 + τ2)4
)
. (75)
In the calculation of ΛW and ρ, we include the six
observed lepton masses [25]:
me = 0.000511GeV, mµ = 0.10566GeV,
mτ = 1.777± 0.025GeV, mνe = 0.2× 10−8 ± 0.09GeV,
mνµ = 0.00019± 0.07GeV, mντ = 0.0182± 1.8GeV,
(76)
and the six observed quark masses [24, 25]:
mu = 0.0019GeV, md = 0.0044GeV,
ms = 0.095± 0.025GeV, mc = 1.31± 0.09GeV,
mb = 4.24± 0.07GeV, mt = 170.9± 1.8GeV. (77)
From (71), it follows that for mf = 0 we get ρ = 1
and for mt →∞ we obtain ρ = 0.857. The former result
corresponds to the tree graph value obtained from the
standard model and yields the prediction:
s2Z ≡ sin2 θW (MZ) = 0.22239± 0.00095. (78)
In the calculations of ρ and ΛW the top quark mass mt
dominates the calculations.
We obtain from (72) the non-local energy scale at the
Euclidean on shell value p2 =M2Z :
ΛW (MZ) = 541GeV, (79)
and for ρ at the Z-pole, we get from (71):
ρ(MZ) = 0.993. (80)
The experimental values of the W and Z boson masses
are given by [24, 25]:
MW = 80.413± 0.029GeV, MZ = 91.1876± 0.0021GeV.
(81)
This predicts from (68) and (80) the value
s2Z ≡ sin2 θW (MZ) = 0.21686± 0.00097. (82)
A calculation in the standard model including radiative
corrections gives the value [25]:
s2Z = 0.23122± 0.00015. (83)
A more accurate prediction of s2Z in our non-local QFT
requires calculating further radiative corrections in our
electroweak model. A calculation of the ρ and ΛW at
p2 = 0 yields values close to (79) and (82) calculated at
the Z-pole.
VI. FERMION MASSES
In the standard electroweak model, fermion masses are
generated through Yukawa couplings 〈φ〉ψ¯ψ where 〈φ〉 is
the vacuum expectation value of the Higgs field φ. In our
model, we shall generate fermion masses from the finite
one-loop fermion self-energy graph by means of a Nambu-
Jona-Lasinio mechanism [26]. The one-loop fermion self-
energy graphs are shown in Figure 4. A fermion particle
will satisfy
iγ · p+m0f +Σ(p) = 0, (84)
for iγ · p+mf = 0 where m0f is the bare fermion mass,
mf is the observed fermion mass and Σ(p) is the finite
proper self-energy part. We have
mf −m0f = Σ(p,mf , g,Λf )|iγ·p+mf=0. (85)
Here, Λf denote the non-local energy scales for lepton
and quark masses. We can solve (84) and (85) by suc-
cessive approximations starting from the bare mass m0f .
However, we can also find solutions for mf 6= 0 when
m0f = 0 for a broken symmetry vacuum state.
The finite self-energy contribution obtained by joining
together two fermion-boson vertices is given by [9]:
−iΣ1(p) =
∫
d4k
(2π)2
(ig2fγ
µ)
( −i
γ · ∂ +mf − iǫ
)
(ig2fγ
ν)
×
( −iηµν
k2 +m2 − iǫ
)
× exp
[
−
(
p2 +m2f
Λ2f
)
−
(
q2 +m2f
Λ2f
)
− k
2
Λ2f
]
, (86)
where g2f is a fermion coupling constant which contains
quark color factors, q = p − k and we choose the bo-
son zero mass limit. The propagators are now converted
to Schwinger integrals and the momentum integration is
performed to give
−iΣ1(p) = −g2f exp
[
−
(
p2 +m2f
Λ2f
)]
×
∫ ∞
1
dτ1
Λ2f
∫ ∞
1
dτ2
Λ2f
∫
d4k
(2π)4
(2γ · q + 4mf )
× exp
[
−τ1
(
q2 +m2
Λ2f
)
− τ2 k
2
Λ2f
]
=
−ig2f
8π2
exp
[
−
(
p2 +m2f
Λ2f
)]
×
∫ ∞
1
dτ1
∫ ∞
1
dτ2
[
τ2
(τ1 + τ2)3
γ · p+ 2mf
(τ1 + τ2)2
]
× exp
(
− τ1τ2
τ1 + τ2
p2
Λ2f
− τ1
m2f
Λ2f
)
. (87)
Here, we have performed a rotation to Euclidean momen-
tum space, accounting for the factor of i.
9Another contribution Σ2(p) to the self-energy comes
from the tadpole fermion-boson self-energy graph:
−iΣ2(p) =
∫
d4k
(2π)2
(−ig2f)γµ(γ · q −mf )γν
( −iηµν
k2 − iǫ
)
×
∫ 1
0
dτ
Λ2f
exp
[
−
(
p2 +m2f
Λ2f
)
− τ
(
q2 +m2f
Λ2f
)
− k
2
Λ2f
]
.
(88)
Adding together the two diagram contributions Σ1(p)
and Σ2(p), we obtain
Σ(p) =
g2f
8π2
exp
[
−
(
p2 +m2f
Λ2f
)]
×
∫ 1
0
dx(xγ · p+ 2mf )E1
[
(1 − x) p
2
Λ2f
+
(
1− x
x
)
m2f
Λ2f
]
.
(89)
Here, E1 is the exponential integral:
E1(z) ≡
∫ ∞
z
dy
exp(−y)
y
= − ln(z)− γe −
∞∑
n=1
(−z)n
nn!
, (90)
where γe is Euler’s constant. By developing an asymp-
totic expansion in Λf and expanding the exponential in-
tegral, we get
Σ(p) =
αf
2π
[(
1
2
γ · ∂p+ 2mf
)
ln(Λ2f )
−
(
1
2
γ · ∂p+ 2mf
)
γe +
1
2
γ · ∂p
−
∫ 1
0
dx(xγ · ∂p+ 2mf) ln(xp2 +m2f)
+O
[
ln(Λ2f )
Λ2f
]
, (91)
where αf = g
2
f/4π.
The fermion mass is now identified with Σ(p) at p = 0:
mf = Σ(0) =
αfmf
π
[
ln
(
Λ2f
m2f
)
−γe
]
+O
[
ln(Λ2f )
Λ2f
]
. (92)
This equation has two solutions: either mf = 0, or
1 =
αf
π
[
ln
(
Λ2f
m2f
)
− γe
]
. (93)
The first trivial solution corresponds to the standard per-
turbation result. The second non-trivial solution will
determine mf in terms of αf and Λf and leads to the
fermion “mass gap” equation
mf = Λf exp
[
−1
2
(
π
αf
+ γe
)]
. (94)
FIG. 4: (a) the one-loop fermion self-energy graph; (b) the
fermion one-loop self-energy tadpole graph.
The non-perturbative solution for the fermion masses is
based on a broken vacuum state with 〈ψ¯ψ〉0 6= 0 and
avoids introducing bare fermion masses in the SU(2) ×
U(1) gauge invariant zero mass and zero interaction limit.
The Lagrangian picks up fermion mass terms:
LMf = mf ψ¯fψf
= mfψf [
1
2
(1− γ5) + 1
2
(1 + γ5)]ψf
= mf (ψ¯
RψL + ψ¯LψR). (95)
By choosing αf = αs(MZ) = 0.117± 0.0007, where αs
is the strong coupling constant evaluated at the mZ pole,
and Λt = 1.55×105TeV, we find for the top quark mass,
mt = 171GeV.
VII. UNITARITY AND THE SCALE OF WLWL
SCATTERING
We can separate the Lagrangian into a gauge invariant
sector and a symmetry breaking sector
L = Lgauge inv + LSB. (96)
Here, Lgauge inv possesses the unbroken G(NL, 4) gauge
symmetry with massless, transversely polarized gauge
bosons W,Z and γ. LSB describes the dynamical sym-
metry breaking. In the standard model, the Higgs mech-
anism ensures that the three Goldstone bosons, w± and
z, couple to the three gauge currents associated with the
spontaneously broken symmetry of SU(2)L ×U(1)Y . At
the same time, it ensures that w± and z become longi-
tudinal modes of the gauge bosons W± and Z, which
become massive independently of whether the Higgs bo-
son exists or not.
A rigorous bound on the energy dependence of WLWL
scattering comes from unitarity. If we set ρ = 1, then the
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I = J = 0 partial wave amplitude is given by
A00(WLWL) =
s
16πv2
, (97)
where s is the square of the center-of-mass energy. Uni-
tarity demands that below 4-body thresholds A00 ≤ 1,
and Re(A00) ≤ 1/2. Both of these conditions are vio-
lated above 1.8 and 1.2 TeV, respectively [27].
For s << M2SB, where MSB is the typical symmetry
breaking mass scale of LSB, we get the amplitude:
A(W+LW−L → ZLZL) =
1
ρ
s
v2
, (98)
in the energy range M2W ≪ s≪M2SB. For leading order
in the unitary-gauge the amplitude in the gauge sector
yields the behavior:
A(W+LW−L → ZLZL)gauge sector
=
g2s
4ρM2W
+O(g2s0) ∼ s
ρv2
. (99)
This high energy behavior eventually violates unitarity
and the standard local QFT theory without a Higgs par-
ticle is non-renormalizable. The inclusion of a Higgs ex-
change at the scale MSB cancels the “bad” high energy
behavior and allows unitarity to be satisfied above ∼ 1
TeV and the theory is renormalizable. In particular, the
low energy behavior for s ≪ M2SB can be shown to de-
couple the LSB to all orders.
For our finite non-local electroweak theory, we require
that A(W+L W−L → ZLZL) vanishes above ∼ 1 TeV,
avoiding the unitarity violating behavior of the standard
gauge sector with massive vector bosons W and Z. We
implement this by requiring that the symmetry breaking
fermion loop measure becomes the gauge invariant mea-
sure, µSB → µinv, above ∼ 1 TeV. Thus, the W and Z
bosons become massless gauge bosons above ∼ 1 TeV
with only transverse polarization degrees of freedom and
there is no violation of unitarity. The massless boson,
non-local gauge invariant theory becomes the standard
local renormalizable theory when ΛW → ∞. The signa-
ture of a vanishing cross section for W+LW
−
L scattering
above ∼ 1 TeV should be detectable at the LHC.
In the non-local QFT with a finite non-local scale ΛW ,
the partial wave scattering amplitude Aℓ(s, t) (where t
is the momentum transfer squared) for the crossed chan-
nel in lowest order scattering diagrams will behave badly
at high energies. A similar phenomenon occurs in per-
turbative string theory [28]. To circumvent this prob-
lem, it is necessary to re-sum the scattering amplitudes
to arbitrary order in perturbation theory. In QFT the
on-shell high energy behavior of scattering amplitudes
poses difficult questions, for it combines both short and
long distance physics. The fixed t, large s behavior of
QCD reveals this problem even for the case of fixed an-
gle scattering. For FQFT the exact leading behavior of
the scattering amplitude has to be deduced, order by or-
der in perturbation theory, by means of a saddle point
calculation. The exponential behavior of string theory
scattering amplitudes is unlike the power behavior that
holds in QFT. The same is true of the finite loop graphs in
non-local QFT. In contrast to perturbative string theory,
the FQFT tree graphs behave at high energies as in local,
point particle QFT. However, the lowest order behavior
of the crossed channel amplitudes in non-local QFT vi-
olates the rigorous bound of Cerulus and Martin [29],
which states that |A(s, cos θ)| ≥ exp[−√s ln s c(θ)]. The
proof of this bound uses unitarity, a finite mass thresh-
old gap and the assumption of a polynomial bound in
the energy for fixed t of the scattering amplitudes. The
polynomial behavior of scattering amplitudes in standard
QFT is a consequence of locality. The non-local QFT like
string theory manages to be sufficiently non-local to avoid
a polynomial bound, yet maintains sufficiently local in-
teractions to preserve causality.
VIII. EXPERIMENTAL SIGNATURES OF
NON-LOCAL ELECTROWEAK THEORY
We have seen that at
√
s ∼ 0.5− 1 TeV the non-local
scale ΛW becomes significant corresponding to an expo-
nential fall-off of the loop scattering amplitudes in the
s-channel. The tree graph scattering amplitudes at large
energies are strictly local and have the same high energy
behavior as in the standard point QFT. A detection of a
non-local behavior in the loop scattering amplitudes at
the LHC at
√
s > 0.5− 1 TeV would be an experimental
confirmation of non-local QFT. This could be observed in
a different high energy behavior of scattering amplitudes
involving loop diagrams in, say, photon-proton Compton
scattering.
In the standard electroweak model, the quadratic di-
vergence of the Higgs mass radiative correction is a seri-
ous problem and has motivated several alternative mod-
els beyond the standard model. In the Higgs potential:
V (φ) = −1
2
µ2φ2 +
1
4
λφ4, (100)
the mass parameter µ2 at tree level (µ2 > 0 for spon-
taneous symmetry breaking) is related to the vacuum
expectation value v by µ2 = λv2. When radiative cor-
rections are calculated, the mass parameter becomes
µ20 + δµ
2, where µ20 is the bare mass term and δµ
2 is
the radiative correction. Since the radiative correction
depends on the cutoff scale as Λ2C , the fine-tuning be-
tween the bare mass term and the radiative correction
becomes significant for ΛC > 1 TeV. If the cutoff reaches
the Planck energy scale, then the amount of fine-tuning
is enormous and a tuning of order 1032 is needed. This
is the source of the naturalness or hierachy problem in
standard electroweak theory. Because our FQFT does
not possess a Higgs particle, the Higgs fine-tuning prob-
lem does not occur.
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Because the W , Z and γ tree graphs in FQFT elec-
troweak theory are identical to those of the standard
electroweak theory, all the lower energy predictions of the
standard model at tree graph level remain the same when
the Higgs particle graphs are excluded. One probe of the
FQFT is the calculated difference between the experi-
mental and local, standard model theoretical values of
the muon aµ = (g − 2)/2 anomaly. The Brookhaven Na-
tional Laboratory experiment has determined aµ with a
much improved accuracy [30]. The experimental value is:
(aµ)exp = 1165208.0(6.3)×10−10. The difference between
this result and the standard model prediction (aµ)SM is:
(22.4± 10)× 10−10 ≤ δaµ ≤ (26.1± 9.4)× 10−10.
We obtain the bound on a possible non-local QFT
contribution for the anomalous magnetic moment of the
muon:
δ(aµ)nl ≤ K
Λ2W
. (101)
From (101) and from our estimated value for the elec-
troweak non-local scale ΛW (MZ) = 541 GeV, we get the
bound:
K ≤ 701± 338 (MeV)2. (102)
Thus, a careful calculation of the non-local contribution
to aµ could test the prediction of FQFT.
IX. CONCLUSIONS
We have constructed an electroweak model based on a
method to make a massless gauge invariant QFT into a
non-local theory which is finite, Poincare´ invariant, and
perturbatively unitary. The method has two stages –
classical and quantum. In the first we make the theory
finite by non-localizing its interactions. The violation of
unphysical decoupling is then removed at each order by
adding an appropriate new interaction. The resulting
tree graphs decouple from unphysical modes and the ac-
tion possesses a generalized gauge invariance in the form
of the non-local group G(NL, 4). In the electroweak the-
ory, the new symmetry can be viewed on shell as a non-
local and non-linear representation of SU(2)× U(1).
The quantum stage of our method consists of find-
ing measures to make the functional formalism invariant,
and then to find a path integral measure that dynami-
cally breaks the non-local gauge symmetry to give theW
and Z bosons mass while keeping the photon massless.
We have also proposed a method for giving leptons and
quarks mass through a mass gap equation. This is done
directly through the finite fermion self-energy radiative
diagram in terms of a fermion mass scale Λf .
The number of unknown parameters in our extended
electroweak theory is reduced by not having an unpre-
dictable Higgs mass but we have a new predicted energy
scale parameter ΛW . The number of fermion mass scale
parameters Λf – one for each observed lepton and quark –
is the same as occurs in the standard Higgs Yukawa cou-
pling model. This number of undetermined parameters
still points to the need for a more comprehensive unified
theory of the particle interactions, which would deter-
mine the unknown parameters in a fundamental way.
The nice feature of our extended electroweak theory
is that it does not increase the number of particles, nor
does it extend the number of dimensions as in string the-
ory, yet it preserves Poincare´ invariance and a finite elec-
troweak theory.
We have proposed ways to test our FQFT. The van-
ishing of the cross section for W+LW
−
L → W+LW−L above
∼ 1 TeV should be observable at the LHC. Moreover,
the behavior of scattering amplitudes for, say, Compton
proton-photon scattering above ΛW ∼ 0.5− 1 TeV is an-
other way to detect the non-local behavior of finite loop
graphs. We have also shown that a calculation of the
non-local loop contribution to the muon anomalous g−2
magnetic moment aµ could reveal the difference between
FQFT with ΛW ∼ 0.5 TeV and the standard model cal-
culation of aµ.
If the Tevatron and LHC accelerator experiments fail
to detect a Higgs particle, then a physically consistent
theory of electroweak symmetry breaking such as the one
studied here, in which no Higgs particle is included in
the particle spectrum, will be required to understand the
important phenomenon of how the W and Z bosons and
fermions acquire mass.
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